An ideal sequence of approaches (Zamir, in P. Steyn, ed., Biosynthesis ofMycotoxins, in press) for the elucidation of a biosynthetic pathway includes: (i) kinetic pulse-labeling procedures, (ii) whole-cell feeding experiments, (iii) in vitro proof of each step at the enzymatic level, and (iv) in vivo proof by the study of appropriate mutants.
were distinguished from dead-end metabolites by the rapid formation and disappearance of the former. At least five unknown precursors of versicolorin A, a dead-end metabolite, were recognized. The kinetic pulse-labeling technique should be generally applicable to other fungal species whenever the entrapment of intermediary metabolites in the mycelium poses a technical problem.
An ideal sequence of approaches (Zamir, in P. Steyn, ed., Biosynthesis ofMycotoxins, in press) for the elucidation of a biosynthetic pathway includes: (i) kinetic pulse-labeling procedures, (ii) whole-cell feeding experiments, (iii) in vitro proof of each step at the enzymatic level, and (iv) in vivo proof by the study of appropriate mutants.
(i) Kinetic pulse-labeling. This technique was originally developed by Calvin and co-workers (2, 21, 22) in the formidable task of elucidating the path of carbon in photosynthesis. Despite the early statement of Calvin (22) that "it is worth emphasizing that these techniques are not limited to photosynthesis, but also have broad application to many in vivo biological processes," the method has remained relatively unexploited, fungal secondary metabolism being an especially good example. In plant systems, some time course studies have been carried out on the sequential appearance of terpenoids (1) in Tanacetum vulgare L. and of alkaloids (18) in young seedlings of Vinca rosea. The tracing of "CO2 has been somewhat more studied (3, 4, 13, 16, 17) . The sole application of the kinetic pulse-labeling technique in fungi, apart from the present study, has been the work of Forrester and Gaucher (12) on the metabolites of Penicillium patulum. The method consists of following the metabolism of plausible radioactive precursors as a function of time, thus revealing an ordered sequence of metabolite appearance. If successful, it is an excellent and rapid qualitative probe which can suggest a preliminary outline of a given metabolic pathway.
(ii) Whole-cell feeding. Suspected precursors are synthesized and tagged with one or more radioactive isotopes ('IC, 3H) or stable isotopes ('3C, 2H, 1SQ) and supplied in vivo to the appropriate organism during growth. Subsequent isolation, purification, and analysis of the product implicates the precursor-product relationships involved. One can therefore deduce an overall scheme from kinetic pulse-labeling and confirm each step of this scheme by whole-cell feeding.
(iii) Enzymological confirmation. The in vitro conversion of one intermediate to another by a pure enzyme, together with information obtained by the preceding two approaches, constitutes unambiguous proof of the enzymatic reaction. This enzymological approach is the most difficult, as exemplified by the relatively few pathways of secondary metabolism that have been defined step by step at the enzymatic level.
(iv) Study of mutants. To establish rigorously that the enzymatic reactions proven in enzymological confirmation experiments are in-684 on October 28, 2017 by guest http://jb.asm.org/ Downloaded from deed biosynthetic reactions in vivo, mutants blocked at the various enzymatic steps should be isolated. Application of kinetic pulse-labeling and whole-cell-feeding approaches to the isolated mutants confirms the identity of the various precursors under study.
A challenging problem for application of these approaches is the biosynthesis of aflatoxins. The problem ofaflatoxin biosynthesis is conveniently subdivided (20) into three multistep sequences: biosynthesis of bisfurano-anthraquinones, biosynthesis of bisfurano-xanthones, and biosynthesis of aflatoxins. This study deals with the first metabolic segment, the biosynthetic steps leading to bisfurano-anthraquinones.
Both Aspergillus parasiticus and A. versicolor produce C6-anthraquinones, bisfurano-anthraquinones, and bisfurano-xanthones in common. However, A. parasiticus produces aflatoxins, whereas A. versicolor does not. Since the metabolites produced in common by these closely related species undoubtedly arise via similar biogenetic pathways, A. versicolor is the most convenient species for the study of the early steps of aflatoxin biosynthesis. Sterigmatocystin (a bisfurano-xanthone) is the last intermediate of aflatoxin biosynthesis known to be common to both species (14) . Previous kinetic pulse-labeling techniques (12) were unsatisfactory since the metabolites of A. versicolor consistently became trapped in the mycelium, thereby preventing release into the growth medium. A new method having potential application to the identification of any fungal metabolites which may also be trapped in the mycelium is described in this paper. Single minicolonies. To ensure genetic homogeneity, we prepared a spore suspension from a single colony of A. versicolor NRRL 5219. Serial dilutions from the suspension were plated on soft agar medium (modified Czapek Dox medium with 1% sucrose and 0.5% agar). Separate minicolonies formed two days after inoculation. The soft agar medium was chosen to enable easy transplantation of minicolonies. Colonies of uniform size were selected with the aid of a dissecting microscope (2-mm diameter; x25 magnification) and were transferred to 0.5-dram (ca. 0.70-g) culture vials containing 0.5 ml of liquid Czapek Dox medium and 1% sucrose. Three minicolonies were transplanted into each vial with the aid of an inoculating loop. It was important to place the colonies carefully into the vials so that the aerial conidiophores were not submerged. At this stage, the white colonies were not yet producing secondary metabolites. Production of the pigments Was easily visualized since the lower surface of the colonies sequentially became yellow and then orange-red. The colored pigments are produced after 8 days; at about half-production, i.e., 3 to 4 days after inoculation, radiolabeled precursors were introduced.
MATERIALS AND METHODS
Radioactive feeding. The '4CH314CO2Na (New England Nuclear Corp.) employed in all of the experiments was of high specific activity (54.0 mCi/mmol) (8) . Sterile water was added to samples of an appropriate volume of this radioactive ethanolic solution, and the radioactive solution was sterilized by passage through a 0.22-,im membrane filter (type GSWPO2500; Millipore Corp., Bedford, Mass.). The same amount of this sterile '4CH314C02Na solution was simultaneously added to all of the vials (0.29 uCi/vial; each vial contained three minicolonies) at 3 to 4 days after inoculation.
Reaction quenching. At chosen intervals, the biosynthetic reaction was quenched by freezing. For each time interval, five vials were quenched simultaneously, and each vial was analyzed independently to check the reproducibility of the method. The quenching of the reaction in a vial was accomplished in the following manner. The liquid medium was withdrawn with a Pasteur pipette and kept for monitoring the uptake of acetate, and the minicolonies were frozen by immersing the vial in liquid nitrogen.
Radioactive counting. A three-channel Nuclear Chicago liquid scintillation counter (Mark II) was used. Samples from the liquid media were counted in 15 ml of Aquasol.
Extraction and separation of metabolites. Acetone (0.5 ml/vial) was added to the frozen colonies, and the mixture was sonicated for 15 (Fig. 1) . The solvents employed were as follows: solvent 1, chloroform-benzene (7:3); solvent 2, etherpyridine (9:1); and solvent 3, benzene-cyclohexane-acetone (88:7:5).
Uptake of the radioactive acetate by the three minicolonies. The uptake of acetate was monitored by counting samples of the growth media transferred from the vials at the different quenching times. After 15 h (Fig. 2) 7 exhibited Rf values which were identical to those of averufin and versicolorin A on these twodimensional TLC systems. To establish whether compound 4 or compound 7 might be averufin, a known amount of authentic averufin was spotted coincident with the migration positions of S' ¶1 f compounds 4 and 7 (as detected in the autoradiograms). After development in the third solvent, the TLC plates were dried, and autoradiograms of these TLC plates were prepared. The autoradiograms of the three-dimensional TLC plates (Fig. 4) showed that the position of compound 7 radioactivity coincided with the fluorescence of authentic averufin. These three elution solvents did not separate averufin from versicolorin A, and therefore whether compound 7 is averufin or versicolorin A remains at issue. Compound 4 may be identical to the unknown provided by J. Bennett since their Rf values in this three-solvent TLC system were the same. DISCUSSION Versicolorin B, a dead-end metabolite. At 30 min after the addition of radioactive acetate, versicolorin B (compound 5) was already produced. It accumulated steadily with no detectable sign of degradation, even 162 h after administration of radioactive acetate. Not all acetatederived metabolites are necessarily aflatoxin precursors, of course. Among these, the unknown compounds which appeared at an earlier stage (compounds 1, 2, 3, and 4) are feasible candidates as precursors of versicolorin B.
Versicolorin B is a bisfurano-anthraquinone with no double bond in the bisfurano moiety. The corresponding natural metabolite with the double bond (versicolorin A [Fig. 5] ) has the same Rf as compound 7 after three-dimensional TLC. The sequence of metabolite appearance indicates that versicolorin B (present at 30 min) is biosynthesized before compound 7 (present at 67.5 h). Since versicolorin B behaves as a deadend metabolite, it is reasonable to assume that versicolorin B is formed via a shunt pathway which branches off the major pathway of which versicolorin A is an intermediate.
Compounds 6 and 7, transient biointermediates. The three-dimensional TLC system shown in Fig. 4 indicates that compound 6 might be identical to the unknown isolated by J. Ben-FIG. 4 (19) . It now appears that the biosynthesis of the bisfurano-anthraquinones involves more unknown intermediates than anticipated.
Norsolorinic acid, averufin, and versicolorin A are established metabolites of both A. parasiticus and A. versicolor (14) . Versiconol acetate was only produced when the insecticide dichlorvos was added to the cultures of A. parasiticus (9) . In our study, norsolorinic acid was not detected, although at least five unknown intermediates appear as transient metabolites. Four of these unknowns occur before the formation of versicolorin A. One of the transient compounds (compound 6) 
